Human immunodeficiency syndrome (HIV) infection leads t o a progressive loss of T-cell-mediated immunity associated with T-cell apoptosis. We report here that CD4' and CD8' T cells from HIV-l-infected persons are sensitive t o Fas (CD95/APO-l)-mediated death induced either by an agonistic anti-Fas antibody or by the physiologic soluble Fas ligand, although showing no sensitivity t o tumor necrosis factor ainduced death. CD4+ and CD8' T-cell apoptosis induced by Fas ligation was enhanced by inhibitors of protein synthesis and was prevented either by a soluble Fas receptor decoy or an antagonistic anti-Fas antibody. Fas-mediated apoptosis could also be prevented in a CD4' or CD8' T-cell-type manner (1) by several protease antagonists, suggesting the involvement of the interleukin-la (IL-l/?)-converting enzyme (ICE)-related cysteine protease in CD4' T-cell death
UMAN immunodeficiency virus-l (HIV-1) infection
leads to CD4+ T-cell depletion associated with high viral turnover' and preceded by a progressive loss of T-cellmediated immunity. ' We have proposed that T-cell defects in HIV-1 -infected persons may be related to the inappropriate induction of T-cell death by apoptosis through HIVmediated interference with cellular ~ignaling.~.~ This model has been supported by several findings showing that abnormal levels of apoptosis occur both in vitro5"' and in v~v o '~. '~ in uninfected CD4+ and CD8+ T cells from HIV-1 -infected persons. Studies performed in pathogenic and nonpathogenic primate models of HIV or Simian immunodeficiency virus (SIV) infection have further suggested a correlation between the induction of enhanced in vitro T-cell apoptosis and the in vivo pathogenic nature of the retroviral infe~tion.'.'~.'~.'~ Candidate mechanisms for apoptosis induction in HIV-infected persons include HIV proteins such as the gp120 envelope and the Tat regulatory gene product that induce or enhance in vitro apoptosis of T cells from control^'^"^ through mechanisms that may at least partly involve an enhanced expression of the Fass or Fas ligand" molecules, respectively. In vitro, T cells from HIV-infected persons undergo apoptosis in response to either T-cell receptor (TCR) ~timulation~-~.~"' or antibody-mediated Fas ligation."." Our recent finding that the interleukin-l2 (IL-12) cytokine could prevent the abnormal levels of apoptosis of CD4+ T cells from HIV-infected persons induced either by TCR stimulation or by antibody-mediated Fas ligation" led us to investigate the hypotheses (1) that TCR-induced and Fas-mediated stimulation of T cells from HIV-infected persons share common downstream death effector pathways; (2) that cytokines play a general role in the modulation of Fas-mediated death signaling in T cells from HIV-infected persons; and (3) that TCR-induced apoptosis of T cells from HIV-infected persons occurs through a Fas-mediated death process.
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MATERIALS AND METHODS
Reagents, antibodies, and cytokines.
Unlabeled murine antihuman monoclonal antibodies (MoAbs) used were CD4 (Leu 3a); CD8 and of both a CPP32-related cysteine protease and a calpain protease in CD8' T-cell death; and (2) by three cytokines.
IL-2, IL-12, and IL-10, that exerted their effects through a mechanism that required de novo protein synthesis. Finally, T-cell receptor (TCR)-induced apoptosis of CD4' T cells from HIV-infected persons involved a Fas-mediated death process, whereas TCR stimulation of CD8' T cells led t o a different Fas-independent death process. These findings suggest that Fas-mediated T-cell death is involved in acquired immunodeficiency syndrome (AIDS) pathogenesis and that modulation of Fas-mediated signaling may represent a target for new therapeutic strategies aimed at the prevention of CD4+ T-cell death in AIDS. Apoptosis measurement Percentages of apoptotic cells were measured in duplicate under the light microscope. Cells counted as apoptotic included cells with characteristic nuclear chromatin condensation and fragmentation as well as already dead cells that had lost trypan blue exclusion capacity, as previously described."'~'' Percentages of apoptotic cells counted under the light microscope were confirmed by flow cytofluorometry analysis after incubation with the nuclear dye acridine orange, as described,"' with the nuclear dye YO-PRO-I, as de~cribed Statistical significance. P was assessed using the Student's ttest (Fig IA) or the paired Student's t-test in the other figures (NS. no significant statistical differences).
RESULTS AND DISCUSSION
In HIV-infected persons, the percentage of peripheral blood T cells expressing the Fas receptor is higher than in uninfected contro1s. (2) by the absence of T-cell apoptosis induction in response to TNFa (Fig ID) , another member of the Fas ligand family whose p55 receptor has a Fas-related death domain,25 even in the presence of the protein synthesis inhibitor CHX (data not shown) that had an enhancing effect (from 58% to 95%) on TNFa-mediated death of the TNFa-sensitive cell line L929. In freshly isolated T cells from healthy individuals, antibody-mediated Fas ligation does not induce apopto~is'~~" (Fig IB) and even provides in some cases costimulatory signals to concomitant TCR stimulation, leading to an enhancement of TCR-induced T-cell proliferation" (Fig 1 E) . However, in T cells from HIV-infected persons, antibodymediated Fas ligation led not only to a significant induction of T-cell apoptosis (Fig 1 8 ) but also to a significant reduction in the TCR-induced T-cell proliferation (Fig 1E) persons could be prevented by pretreatment with the Ac-YVAD-CMK peptide, an irreversible competitive inhibitor of the ICE cysteine protease family (Fig 2A and B) , whereas the control Ac-TOS-CMK protease inhibitor peptide had no effect (Fig 2A) , suggesting that Fas-mediated death signaling in T cells from HIV-infected persons shared the ICE-dependent downstream effector pathway recently described in Tcell lines.". 28 The family of ICE-related cysteine proteases, involved to various degrees in the effector pathway of apoptosis, has now been shown to include at least 6 members, ICE, CCP32NAMA, ICH-l/NEDD-2, ICH-2/TX, MCH-2, and ICE re1 III." The chloromethylketone (CMK) YVAD peptide is an irreversible competitive inhibitor of ICE protease activity and may therefore be less selective than the reversible aldehyde (CHO) peptide antagonists. Experiments using reversible aldehyde competitive inhibitors of cysteine protease activity that have been reported to be specific for either ICE (AC-YVAD-CHO)*~.~* or for CPP32 (Ac-DEVD-CHO)'~ suggested that Fas-mediated death signaling in T cells from HIV-infected persons may involve the preferential activation of ICE in the CD4+ T cells and of CCP32 in the CD8' T cells (Fig 2A) . The leupeptin (Ac-LLR-CHO) protease antagonist that does not inhibit ICE3"33 or CPP3233 had no inhibitory effect on Fas-mediated apoptosis of CD4' and CD8' T cells (Fig 2A) . As also shown in Fig 2A, E64 , an inhibitor of the calcium-dependent protease calpain that does not inhibit ICE32,33 or CPP32,33 was as effective as Ac-DEVD-CH0 in inhibiting Fas-mediated CD8+ T-cell apoptosis, although having no effect on Fas-mediated CD4' T-cell death. Together, these findings suggest that the Fas-induced apoptosis involves an ICE-related cystein protease in CD4+ T cells; and in CD8' T cells, both a CPP32-related cystein protease and a calpain-related protease that are either functioning downstream from one another or are each required for the activation of downstream effectors of apoptosis. Although further work will be needed For personal use only. on November 11, 2017. by guest www.bloodjournal.org From to confirm the precise nature of the proteases involved, our findings strongly suggest, at this stage, that the Fas-mediated death pathway requires the activation of different proteases in CD4+ and CD8+ T cells from HIV-infected persons.
The magnitude of Fas-mediated T-cell apoptosis (the net difference between the percentages of Fas-induced apoptosis and of spontaneous apoptosis) showed individual variations (Fig lB) , but the levels of the preventive effect achieved by protease antagonists did not depend on the magnitude of Fasmediated apoptosis. For example, in the experiments shown in the Fig 2A, the mean preventive effect of Ac-WAD-CMK on Fas-induced apoptosis of CD4' T cells from 14 HIV-infected persons was of 58%. In the 2 of 14 cases in which Fas ligation induced the highest percentages of C M + T-cell apoptosis (29.5% and 16.7%), the preventive effects of Ac-WAD-CMK were 58% and 67%, respectively. Also, T-cell treatment with the protein synthesis inhibitor greatly enhanced the magnitude 
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of Fas-mediated apoptosis (Fig 2C) . In such conditions, Ac-WAD-CMK conserved its pkventive effect. For example, in the experiments shown in Fig 2F, in the absence of CHX, the mean percentage of Fas-induced apoptosis in
T cells from 4 HIV-infected persons was 14% and the mean preventive effect of Ac-WAD-CMK was 43%; in the presence of CHX, the mean percentage of Fas-induced apoptosis increased to 25%, and the mean preventive effect of Ac-WAD-CMK remained at 35%.
The finding that Fas-mediated death of CD4+ and CD8+ T cells was enhanced by the protein synthesis inhibitor CHX (Fig 2C) For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From de novo protein synthesis as a consequence of cytokine receptor-mediated nuclear translocation of the signal transducers and activators of transcription (Stat) proteins. 38 We have previously shown that IL-12, a cytokine that upregulates CD4' Thl-cell functions, has a preventive effect on Fasmediated apoptosis of CD4' T cells from HIV-infected persons.22 As shown in Fig 2D, preincubation of T cells from HIV-infected persons for 2 hours with three different cytokines (IL-2, IL-10, or IL-12) had a highly significant preventive effect on death of CD4+ and/or CD8' T cells. IL-2, a cytokine that is produced by activated CD4+ T cells and is involved in T-cell-mediated immunity, had a preventive effect on Fas-mediated death of both CD4+ and CD8' T cells. Two other cytokines secreted by immune accessory cells (monocytes/macrophages and/or B cells), IL-12, and IL-10, acted in a cell-type specific way. IL-12 selectively prevented Fas-mediated CD4' T-cell death," although having no preventive effect on CD8' T-cell death; IL-10 prevented Fas-mediated CD8' T-cell death, although having no preventive effect on CD4' T-cell death (Fig 2D) . Like that of protease antagonists, the preventive effect of cytokines did not depend on the magnitude of Fas-mediated T-cell death. As shown in Fig 2E, IL-10 was able to almost completely prevent apoptosis in a case in which the percentage of Fas-induced apoptosis in CD8' T cells (36 hours after incubation with the anti-Fas antibody) reached 41%. Although these preventive effects of IL-l0 (Fig 2E) , IL-2, and of IL-12 lasted for more than 36 hours, IL-10 during this period also showed a delayed enhancing effect on Fas-mediated apoptosis of CD4+ T cells (data not shown). Flow cytofluorometry analysis of purified CD4+ and CD8+ T cells from HIV-infected persons using double-color analysis with RTC-labeled anti-Fas MoAb and PE-labeled anti-CD4 or CD8 MoAb indicated that none of these cytokines induced any significant modification in the percentage of CD4+ and CD8' T cells expressing the Fas molecule or in the densities of Fas molecules expressed on the CD4' and CD8+ T-cell surface. For example, the mean fluorescence intensity of Fas labeling on CD4' T cells was 8.29 +-6.26 or 8.68 t 6.93 after preincubation with medium alone or IL-12, respectively, and the mean fluorescence intensity of Fas labeling on CD8+ T cells was 8.43 t 5.13 or 8.08 2 5.09 after preincubation with medium alone or IL-10, respectively. These data indicated that cytokines exerted their effect through modulation of Fas-mediated signal transduction. The IL-2, IL-4, and IL-7 cytokines bind to the same type I cytokine receptor family that share one common receptor subunit, the IL-2Ryc, as well as initial Jak (Janus kinase) 1 and 3 signal transduction pathways, but do not activate the same Stat protein^.^' Although IL-7 showed a small preventive effect on Fas-mediated death of CD4' T cells from HIV-infected persons (Fig 2D) , the absence of preventive effect of IL-7 on Fas-mediated death of CD8' T cells as well as the absence of preventive effect of IL-4 on Fas-mediated death of CD4' and CD8' T cells (Fig 2D) underlines the selectivity of the effect of cytokines on Fas-mediated death signaling. In contrast to the ICE family protease antagonist that retained its preventive effect on Fasmediated T-cell apoptosis in the presence of the protein synthesis inhibitor CHX (Fig 2F) , the preventive effect of cytokines on T-cell sensitivity to Fas ligation was completely abrogated by CHX treatment (Fig 2F) . These data suggest that cytokines do not exert a direct inhibitory effect on ICE family protease activity, but rather act by activating selective transcription factors inducing de novo synthesis of proteins that interfere with Fas-mediated death signaling.
CD4' and CD8+ T cells from HIV-infected persons undergo apoptosis not only in response to direct Fas ligation, but also to TCR stirn~lation~"~~"~ ( Fig 3A) . As shown in Fig  3B, TCR-induced apoptosis of CD4+ T cells was prevented by either a Fas ligand antisense phosphothiorate oligonucleo- tide, the antagonistic Fas antibody 4B4, or the ICE protease family antagonist Ac-YVAD-CMK, indicating that TCR-induced apoptosis of CD4+ T cells from HIV-infected persons involved a Fas-mediated signaling pathway resulting from an interaction between the Fas receptor and the Fas ligand, whose expression is induced in normal murine and human T-cell lines by TCR stim~lation.'~~'~'~~ These data are consistent with our previous finding that K-12, which prevents TCR-induced apoptosis of CD4+ T also prevents CD4' T-cell apoptosis induced by Fas ligation" (Fig 2D) .
In contrast, treatment with the Fas ligand antisense oligonucleotide with the antagonistic Fas antibody 4B4 or with Ac-YVAD-CMK had no significant preventive effect on TCR-induced apoptosis of CD8+ T cells (Fig 3B) . Ac-YVAD-CH0 and CPP32 Ac-DEVD-CH0 were also devoid of preventive effect on TCR-induced CD8' T-cell death (data not shown). These findings are consistent with our observation that IL-10 that prevents CD8' T-cell apoptosis induced by Fas ligation (Fig 2D) is devoid of any preventive effect on CD8+ T-cell apoptosis induced by TCR stimulation (data not shown).
It has been recently reported that TCR-induced death of preactivated mature murine CD4' T cells occurs through a Fas-mediated mechanism, whereas TCR-induced death of preactivated CD8' T cells occurs through a p75 TNF receptor-mediated mechanism." However, the addition of TNFa did not induce apoptosis in CD4' or CD8' T cells from HIV-infected persons (Fig ID) , and the addition of anti-TNF antibodies showed no preventive effects on TCR-induced apoptosis of either CD4' or CD8' T cells from HIV-infected persons (data not shown). Therefore, our findings suggest that TCR-induced CD8' T-cell apoptosis in HIV infection occurs through a Fas-independent, TNF-independent, CD8' T-cell killing process whose mechanism remains to be assessed.
Together, our findings imply (1) that Fas-mediated death signaling could play an important role in a bystander death process of both CD4' and CD8+ T cells from HIV-infected persons through contacts with the Fas ligand that may be expressed or secreted by activated T cell^^'^^' or NK cells,"" a situation that could occur in vivo in lymphoid organs and tissues that contain high densities of activated immune cells: (2) that several protease antagonists and cytokines have the capacity to prevent T-cell sensitivity to Fas-mediated death signals in a CD4' or CD8' T-cell specific manner: and (3) that Fas-mediated death signaling may be involved in the CD4' T-cell death induced in vivo by TCR stimulation after encounter with specific antigens.
Our findings suggest that CD4' T cells from HIV-infected persons are in an activation and/or a differentiation stage very similar to that of preactivated murine CD4' T-cell lines" and therefore imply a role for immune activation in the pathogenesis of acquired immunodeficiency syndrome (AIDS). They also suggest several potential strategies for the control of Fas-mediated death of CD4' T cells in HIV infection, including the use of soluble Fas receptor decoys, of inhibitors of the ICE protease family (that have been recently shown to prevent apoptosis during development in vivo)," and of the IL-2 or IL-12 cytokines. In this respect, it will be important to explore whether the recently described beneficial in vivo effect of IL-2 immunotherapy on CD4' T-cell counts in HIV-infected persons4' may at least partly involve the prevention of CD4+ T-cell sensitivity to Fasmediated death signals. Finally, beyond HIV infection, a general implication of our findings is that the general and potent regulatory role of cytokines on the activation and differentiation of defined T-cell populations3' may operate through the regulation of T-cell sensitivity to Fas-mediated death signaling.
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